Abstract. The objective of this study was to investigate the transverse rupture strength and apparent hardness of selective laser melted Ti-6Al-4V alloys manufactured in the vertical (V) and horizontal (H) directions. The microstructure and the distribution of alloy elements were examined by optical microscope and electron probe microanalysis, respectively. The results show that the columnar α′ grains are formed along the building direction, and the elemental distributions of Ti, Al, and V are homogeneous in the alloy. The building direction does not sufficiently affect the density and apparent hardness. However, the transverse rupture strengths (TRS) are obviously dominated by the building directions investigated in this study. The TRS of an H specimen is significantly superior to that of a V specimen by 48%. This phenomenon can be mainly attributed to the presence of disc-shaped pores.
Introduction
Ti-6Al-4V alloys are widely used in industry due to their excellent strength-to-weight ratio, mechanical properties, anti-corrosion, and biocompatibility. Compared with conventional processes, selective laser melting (SLM) is a versatile method of producing Ti alloys with complicated shapes [1, 2] . Unfortunately, the manufacture of metallic material by the SLM process has several disadvantages, such as high-priced raw materials, expensive SLM machines, and low productivity.
The influences of various SLM parameters, including laser power, scan speed, and hatching distance, on the SLM Ti-6Al-4V alloys have been studied extensively [1, 3] . SLM Ti-6Al-4V alloys exhibit a high anisotropy of properties in the final manufactured parts [4] [5] [6] . Several studies have indicated that the building direction may affect the tensile and fatigue properties of these alloys [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, the anisotropy in the bending and impact properties has rarely been examined. This study investigated the correlation between the building direction and the TRS of SLM Ti-6Al-4V alloys. To understand the fracture features, the bending fracture surfaces were also examined under SEM.
Experimental procedures
A plasma-atomized Ti-6Al-4V powder, as shown in Fig. 1 , was used as the raw material in this study. The raw particles were spherical, and the median particle size (D50) was 33μm. TRS specimens with dimensions of 31.8×12.7×6.35 mm3 were produced in a SLM machine. The powder was repeatedly packed in the powder bed and was then melted by a scanning laser beam. The laser power and scan speed were chosen to minimize the number of micro-porosity. The hatching distance and later thickness were 120 μm and 50 μm, respectively. To investigate the relationship between the building direction and the TRS, the SLM specimens were built in the vertical and horizontal directions. Fig. 2 shows that the long edges of the vertical and horizontal specimens were parallel and perpendicular to the building direction (z axis), respectively. The vertical and horizontal specimens were designated as V and H, respectively. To observe the cross-section microstructure, the two types of SLM specimens were sampled, ground, polished, and etched with a mixed solution of 90% distilled water, 5% HF, and 5% HNO3. The cross-sections of the two types of SLM specimens observed in this study are marked in grey in Fig. 2 . After the sample preparation, the samples were observed under an optical microscope. An x-ray diffractometer (XRD, D2, Bruker, Karlsruhe, Germany) and an electron probe micro-analyzer (EPMA, JXA-8200SX, JEOL, Tokyo, Japan) were used to clarify the crystal structure and elemental distributions, respectively.
The sintered densities were evaluated using the Archimedes' method. The TRS specimens were tested using a material testing machine (HT-9510, Hung Ta Instrument Co., Taiwan, ROC). The bending fracture surfaces were further examined under a scanning electron microscope (JSM-6510, JEOL, Tokyo, Japan). Apparent hardness on the HRC scale was also measured. Fig. 3 shows the cross-section microstructures of Ti6Al-4V alloy produced in the two directions and indicates the anisotropy in the microstructure. The V and H specimens exhibited equiaxed grains and long columnar grains, respectively. The average sizes of equiaxed grains, shown in Fig. 3(a) , were approximately equal to the width of the columnar grains, shown in Fig. 3(b) , indicating that the columnar grains were arranged along the building direction (z axis), irrespective of the building orientation. This anisotropy in the microstructure can be attributed the heat flow along the building direction during SLM [1] . XRD results showed that the crystal structures of the V and H specimens were fully α′-martensite phases, due to the rapid cooling rates after SLM. The distributions of Ti, Al, and V atoms in the H specimen were analyzed by elemental mapping using EPMA, as shown in Fig. 4 . The results showed that Ti, Al, and V were distributed homogeneously throughout the SLM Ti-6Al-4V alloy, and no apparent segregation was observed. The elemental distributions in the V specimen were identical to those in the H specimen and did not be shown in this study. Table 1 shows the densities and mechanical properties of the SLM specimens. The densities of SLM Ti-6Al-4V alloys were higher than 4.35 g/cm3 because the Ti-6Al-4V powders in the powder bed were melted during SLM. The apparent hardness of V and H specimens were 41.5 HRC and 40.9 HRC, respectively. These findings demonstrate that the building direction did not obviously affect the densification and apparent hardness of SLM Ti6Al-4V alloys, as shown in Table 1 . Nevertheless, the TRS of the V and H specimens were 1487 MPa and 2198 MPa, respectively, indicating that the building direction significantly affects the TRS. This difference could not be attributed to the columnar α′ grains because the bending stress axis was perpendicular to the columnar α′ grain in the two specimens. To illustrate the difference in TRS between the two specimens, the bending fracture surfaces are presented in Fig. 5 . The results showed ductile fractures and minor pores in the fracture surfaces, irrespective of the building direction. However, the pores in the fracture surfaces of the V and H specimens were nearly spherical and linear, respectively. Fig. 6 clearly indicates that these pores were disc-shaped, and the appearances of pores in the fracture surfaces of the V and H specimens were different. Due to the pore geometry, the ratios of porosity in the fracture surfaces of the V specimens were obviously higher those of H specimens, as shown in Fig. 5 . Thus, the pores in the V specimens sufficiently decreased the load-bearing cross-section and impaired the TRS. In conclusion, the anisotropy in the TRS of as-built SLM Ti-6Al-4V alloy could be mainly attributed to the pore geometry and its distribution. To further understand the effects of the discshaped building defects and the columnar α′ grains on the various mechanical properties of as-built SLM Ti-6Al-4V alloy, the anisotropy in the tensile and impact properties will also be investigated in the future. 
Results and Discussion
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Summary
The microstructure of SLM Ti-6Al-4V alloy is fully α′-martensite phase. Columnar α′ grains are arranged along the building direction (z axis). The distributions of Ti, Al, and V atoms are homogeneous, as examined by EPMA.
The densities and apparent hardnesses of SLM Ti6Al-4V alloys were higher than 4.35 g/cm3 and HRC 40, respectively. The building direction does not apparently affect the densification and apparent hardness.
The TRS of an H specimen is significantly higher than that of a V specimen by 48%. The columnar α′ grains do not play an obvious role in the TRS. This phenomenon could be due mainly to the presence of discshaped pores.
